CO 2 , which is well mixed within the atmosphere. Photosynthesis fi xes CO 2 , and hence 14 CO 2 , into plant organic matter and the global food chain. In addition, CO 2 dissolves in water (primarily seawater) to form dissolved inorganic carbon (DIC) that can then be incorporated into marine carbonates. Conventional 14 C dating assumes that initial 14 C concentration has remained constant. However, atmospheric and surface ocean 14 C concentrations have changed notably through time. This is due to changes in either the rate of 14 C production in the atmosphere (a function of geomagnetic fi eld intensity and solar variability), or the distribution of 14 C between diff erent reservoirs in the global carbon cycle (primarily deep ocean ventilation).
The Earth's geomagnetic fi eld serves to shield the atmosphere from incoming cosmic rays, and when the magnetic fi eld strength increases, 14 C production decreases (and vice versa) . Similarly, solar wind distorts the Earth's geomagnetic fi eld in a way that reduces 14 C production, and a rise in solar activity will cause a decline in 14 C production. Records of 14 C production variability in the past have been constructed using two primary methods: (1) as a function of past changes in geomagnetic fi eld intensity (Laj et al., 2004) and, (2) by comparison to other cosmogenic nuclides (e.g.
10
Be and 36 Cl; Muscheler et al., 2005) . Over the past 50 kyr, the pattern of changes in 14 C production reconstructed using the two methods agree very well ( Fig. 1 Th-dated corals with irregular sample spacing (Fairbanks et al., 2005; Cutler et al., 2004; Bard et al., 2004) , and at higher resolution from marine sediments of the Cariaco Basin (Hughen et al., 2006) and Iberian Margin (Bard et al., 2004 Th-dated fossil corals back to 33 kyr, and continue to agree despite increased scatter back to 50 kyr (Fig.  2 ). 14 C calibration data independent from a marine-reservoir age-correction have been obtained from a 230 Th-dated speleothem on Socotra Island in the Arabian Sea. These data show a close match to the marine sediment and coral 14 C records between 40-50 kyr (Fig.  2) . The observed convergence of data sets from dispersed archives and geographic locales will likely provide, in the near future, the basis for an extended 14 C calibration back to 50 kyr.
Geochemical modeling and global carbon cycle changes
The Δ 14 C data reveal highly elevated ∆ 14 C values during the Glacial period. In order to investigate the implications of the observed Δ 14 C record, we use a carbon cycle box model to simulate fl uxes between the atmosphere, terrestrial biota plus soil/detritus, surface and deep oceans, and shallow and deep marine sediments containing organic and inorganic carbon. Reservoir inventories and rates of exchange are specifi ed from consensus estimates for the modern (pre-industrial) carbon cycle (Hughen et al., 2004 ). 14 C production rates are calculated as a function of geomagnetic fi eld intensity (Laj et al., 2004) , with a contemporary 14 C production rate of 2.02 atom cm-2 sec-1 (Masarik and Beer; 1999) . As noted previously, however, this 14 C production rate exceeds the observed sum of 14 C in active reservoirs. A constant scaling factor is therefore applied to the production rates in order to tune the model reservoir Δ 14 C values at model year 0 to observed modern values (Atmosphere 0‰, Terrestrial Biosphere -5‰, Surface Ocean -53‰, Deep Ocean -159‰). A model simulation with fi xed modern exchanges ("full carbon cycle") but variable 14 C production rate produces a temporal pattern of Δ 14 C change similar to paleo-observations, and matches the magnitude of Δ 14 C change particularly during the Holocene (Fig. 2) . However, the simulation produces maximum Δ 14 C production rate changes from 50 to 0 kyr reconstructed using 10 Be fl ux measured in Greenland ice cores (Muscheler et al., 2005) , and as a function of geomagnetic fi eld intensity (Global Paleointensity Stack, Laj et al., 2004; Masarik and Beer, 1999 W  (  h  T  /  U  m  e  h  t  o  e  l  e  p  S  )  p  e  r  p  n  i  d  r  a  B  (  u  l  u  H  -n  a kins et al., 2002) . These model simulations can place constraints on the magnitude of deep ocean ∆ 14 C anomalies required to explain the surface marine record. In addition, the model data make quantitative predictions of the increase in surface marine reservoir age during the Glacial period. Unfortunately, however, observations of Glacial reservoir variability from low-latitude sites are rare. More sophisticated model simulations with increased spatial resolution would help identify the patterns of increase in reservoir age according to latitude and ocean basin. Regardless, it is clear that highquality observations are needed from each of the three principal carbon reservoirsatmosphere, surface and deep ocean-in order to constrain changes in both deep ocean ∆ 14 C and surface marine reservoir age, and to understand the history of radiocarbon and global carbon cycle changes.
Introduction
In order to achieve reliable, precise and accurate 14 C age measurements, laboratories routinely undertake both formal and informal quality assurance programs. Such programs may involve the repeated and routine measurement of an internal standard (such as a bulk cellulose sample), the results of which enable the laboratory to evaluate their reliability and precision. They may also routinely have access to known-age material against which to assess their accuracy. Beyond this, however, many laboratories regularly participate in inter-laboratory comparisons to provide independent checks on laboratory performance.
Reference material for 14 C calibration
High-quality 14 C measurements also require traceability to international standards whose 14 C-activities are known exactly by independent means, and also to reference materials whose activities are estimated and typically accompanied by associated uncertainty statements. Within the 14 C community, there has been an increasing realization of the need for adequate reference materials and a resultant development of both internal and external quality assurance (QA) procedures. Routinely, 14 C laboratories make use of a number of standards and reference materials whose activities are known or are estimated from large numbers of measurements made by many laboratories (e.g. NIST OxI, OxII, IAEA C1-C8). More recent 14 C inter-comparisons have also created a further series of natural reference materials (Scott, 2003, Scott et al, in prep).
